Using quartz crystal resonators, we have measured the effective viscosities of nematic liquid crystals ͑LCs͒ in the MHz domain. The LC orientation was switched via the command-surface effect. The dependence of viscosity on orientation cannot be explained by orientational modes. They are attributed to the emission of longitudinal sound, the latter effect requiring a tilt orientation of the nematic director with respect to the surface. Optical investigations confirm the existence of a finite pretilt angle. Sensor applications are discussed.
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Nematic liquid crystals are anisotropic in virtually every property one could think of. 1 Most well known are the anisotropic optical and the dielectric polarizability, widely employed in the display industry. 2 An anisotropic surface energy gives rise to surface orientational anchoring. 3 Depending on the nature of the interface, the molecules may assume a parallel ͑''homogenous''͒, perpendicular ͑''homeotropic''͒, or a tilted orientation relative to the surface.
LC anisotropy can be exploited for sensor purposes in various ways. For instance, Abbott and co-workers have shown that proteins adsorbed to an aligning interface distort the director field in a way which allows for very efficient visualization. 4 The same mechanism can, in principle, be used for ''acoustic amplification.'' The frequency shift would only to a very minor extent be caused by the weight of the adsorbate ͑as in the case of the quartz crystal microbalance͒ but rather by the change in the effective viscosity. Being a bulk effect, an increased viscosity shifts the frequency much more than the added weight. Typical frequency shifts for a 5 MHz quartz would some kHz for bulk effects and some tens of Hz for effects of added weight.
Interestingly, there is a prediction that the effective viscosity of a nematic LC in contact with a quartz crystal should remain unchanged when the orientation is switched from the direction of shear ͑''x''͒ to the shear gradient ͑''z,'' see geometries ''b'' and ''c'' in Fig. 1͒ . 5 This equivalence of effective viscosities is a consequence of the Parodi relations. 1, 6 In nematic LCs there are two different acoustic modes, termed ''orientational'' and ''hydrodynamic.'' The hydrodynamic modes transport vorticity as in simple liquids. The orientational modes are characterized by rotations of the director with regard to the background fluid. While the amplitude of the orientational modes strongly depends on the orientational surface anchoring, the amplitude of the hydrodynamic modes does not. Kiry and Martinoty have confirmed the equality of the effective viscosity '' b '' and '' c '' with ultrasonic reflectometry at the interface between fused quartz and the liquid crystal 4-n-pentyl-4Ј cyanobiphenyl ͑5CB͒. 7 In these experiments a finite tilt was excluded by symmetry.
Given these results and their theoretical basis, we were surprised to find a strong variation of effective viscosity when analyzing the frequency shift of quartz resonators in contact with liquid crystals, the orientation of which was switched via the ''command surface effect.'' 8 The information obtained in acoustic reflectometry and in quartz crystal impedance analysis is completely equivalent. In linear approximation, the complex frequency shift ␦ f *ϭ␦ f ϩi ␦ ⌫ (␦ f the shift in frequency and ␦ ⌫ the shift in half band half width͒ is given by 9, 10 ␦ f *ϭ␦ f ϩi␦⌫ϭ
where f 0 is the fundamental frequency, r is the reflectivity at the quartz-LC interface, Z q ϭ8.8ϫ10 6 kg/(m 2 s) is the acoustic impedance of AT cut quartz, xz is the shear stress at the surface, x is the lateral speed, and Zϭ() 1/2 is the acoustic impedance of the liquid with density and viscosity . As Eq. ͑1͒ shows, quartz crystal resonators may in fact be viewed as acoustic reflectometers.
Our investigations were carried out on the LC mixtures ZLI 1695 and LC 94-1060 ͑Merck, Germany͒ which are both based on cyclohexane rings ͑rather then phenyl rings͒ and therefore transparent in the UV. While ZLI 1695 has a CN moiety and is very polar, LC 94-1060 is mostly substituted with alkyl chains and therefore is rather unpolar. A ''com- mand layer'' consisting of polymer chains ͑polyvinyl alcohol, ''PVA10,6,'' and cellulose, ''Cell 1''͒ with azobenzene side groups was deposited on the quartz surface via Langmuir Blodgett ͑LB͒ transfer. The UV-induced trans-cis isomerization of the azobenzene-dye leads to an anchoring transition of the adjacent bulk LC. 8 While the trans-state induces homeotropic alignment, the cis-state causes homogeneous alignment with a small pretilt into the dipping direction during LB transfer. 12 The transition state is tilted as well. Tilt is unambiguously evidenced from the movement of the Maltesian cross in the conoscopic images. 12 The direction of shear ͑determined with optical conoscopy on the quartz blank͒ always coincided with the dipping direction ͑geom-etry ''b''͒. Details of the sample preparation and the command surface activity of these materials are provided in Refs. 11 and 12.
After a drop of the liquid crystal was deposited on the command layer, a microscope cover slide was placed onto the drop ͑Fig. 2͒. Mylar spacers prevented the cover slide from touching the quartz resonator. The cell was some tens of microns thick, which is much larger than the decay length of the shear wave. The cell was temperature controlled. Irradiation was carried out with a xenon lamp with an intensity of 0.5 mW/cm 2 . The cis-state and the trans-state were induced with filters centered at ϭ360 nm and ϭ450 nm, respectively. The trans-state is also reached by thermal relaxation in the dark, where the relaxation time is about 10 h. Typical irradiation times were 1-2 min, where the anchoring transition usually was reached after about 10 s. We did not detect a change of orientation induced by the shear wave itself, where the amplitude of the lateral motion of the quartz plate was 2-3 nm.
The LCs mostly behaved like Newtonian liquids, that is, the shifts in frequency and bandwidth were about the same and both scaled with the square root of overtone order. Only on high harmonics ( f Ͼ50 MHz) could we detect a significant increase in the imaginary component Љ, indicative of relaxation processes on this time scale. In the following we display the real and the imaginary part of the viscosity measured at the third overtone at 12 MHz. The complex viscosity ЈϩiЉ was calculated by inversion of Eq. ͑1͒. Figure 3 shows the viscosity of the mixture ZLI1695 on the command layer PVA 10,6 upon irradiation with UV-and visible light. The ratio Љ/Ј shifts with irradiation, as well.
After three switching events the sample was allowed to relax to the trans ground state overnight. The effective viscosity displays a maximum for the transient state, indicating the special role of tilt. Figure 4 shows analogous data for the mixture LC94-1060 on two different command layers. The phenomenology is the same. The bottom panel shows a measurement carried out in the isotropic phase at 38°C. The effect is much reduced and reversed in sign, ruling out thermal artifacts.
We first looked into the question of whether inclusion of a finite orientational anchoring energy into the formalism be Martinoty and Candau 5 could account for our findings. Presumably, the anchoring energy varies during switching. We briefly sketch the formalism. The bulk ''nematodynamic'' equations are
with the density, the speed, the orientation ͑including the motion of the background fluid͒, K the constant of orientational elasticity, and E, ␣ 3 , ␥ 1 , ␥ 2 certain combinations of the Leslie viscosities as specified in Ref. and ͑2b͒ are a stress balance and a torque balance equation, respectively. The diagonal terms have the form of diffusion coefficients. Importantly, the diffusion coefficient for vorticity ͓Eq. 2͑a͔͒ is much larger than the diffusion coefficient for orientation ͓Eq. 2͑b͔͒. We search for solutions of the form
, where the indices o and h stand for the orientational and the hydrodynamic mode, respectively. Setting the determinant of equation system 2 to zero one finds the complex wave vectors ⌫ o and ⌫ h as given in Ref. 5 . ⌫ o is much larger than ⌫ h . For each mode, Eq. ͑2͒ supplies a relation between the amplitudes 0 and 0 which is 0 / 0 ϭi(E⌫ 2 Ϫi)/(␣ 3 ⌫). This ratio is large for the orientational mode and small for the hydrodynamic mode. The amplitudes 0,o and 0,h are determined from the boundary conditions:
Equation 3͑a͒ is the no-slip condition, where the speed of the quartz surface has been normalized to unity. Equation 3͑b͒ is a torque balance equation, where E a is the anchoring energy and s is a surface viscosity with dimensions of a bulk viscosity times a length. It describes the torque exerted onto the surface by the shear gradient. s is of the order of a typical bulk viscosity times the molecular length scale, that is s ϳ10 Ϫ11 (Pa s m). Its exact value hardly affects the outcome of the calculation. The ratio E a /K is the inverse extrapolation length b Ϫ1 . 13 The extrapolation length typically varies between the molecular length scale ͑''strong anchoring''͒ and, let's say, 100 nm ͑''weak anchoring''͒.
The effective acoustic impedance is given by the ratio of stress, xz , and lateral speed, x , at the quartz surface. Following Eq. ͑2͒, the stress at the interface is given by xz ϭ ϪE(⌫ o o ϩ⌫ h h )ϩi ␣ 3 ( 0 ϩ h ). The effective viscosity is eff ϭ( xz / x ) 2 /(). Figure 5 shows the derived effective viscosity as a function of the extrapolation length, b. Since the Leslie coefficients of our materials are unknown, we used the coefficients of 5CB. Indeed, there is a slight dependence of the effective viscosity on the extrapolation length ͑that is, the anchoring strength͒. As expected, the variations are most pronounced in the range where the extrapolation length matches the decay length of the orientational modes. On the other hand, the overall magnitude of the variations is much too small to explain our findings. As is also argued in Ref.
14, the outcome of this calculation does not depend on the particular parameters chosen. It is a consequence of the fact the decay constants of the orientational mode and the hydrodynamic mode are much different. Orientation diffuses much slower than vorticity in all known liquid crystals. The orientational modes mostly transport orientation, whereas the hydrodynamic modes transport velocity. The quartz surface mostly senses velocity.
Having excluded a finite anchoring energy as the source varying effective viscosity, leaves tilt as the only explanation. A finite tilt angle much changes the picture because it leads to a coupling between transverse and longitudinal sound. The speed in the vertical direction, z , enters as a new dynamical variable in addition to the lateral speed, x , and the director ␦n 0 . Only for the perfectly planar and perfectly homeotropic anchoring are these variables decoupled. The full mathematics is a lengthy but straightforward application of the Erickson-Leslie theory. Unfortunately, the theory contains no less than eight material parameters, most which are unknown for the materials investigated here. We therefore confine ourselves to the qualitative argument here. Longitudinal waves will withdraw energy from the quartz, thereby increasing its bandwidth, and also exert a reactive force onto the quartz surface, thereby decreasing its frequency.
These results show that quartz crystal resonators are sensitive to small reorientations of the director, for instance induced by adsorption of an analyte to the quartz surface. Nematic liquid crystals can act as ''acoustic amplifiers'' for quartz crystal microbalance applications. FIG. 5 . Effective viscosities as calculated with Eqs. ͑2͒ and ͑3͒ as a function of the extrapolation length, which is a measure of the inverse anchoring strength. The variation of effective viscosity with extrapolation length ͑an-choring strength͒ is small.
